Abstract-In vivo the hydraulic permeability of cortical bone influences the transport of nutrients, waste products and signaling molecules, thus influencing the metabolic functions of osteocytes and osteoblasts. In the current study two hypotheses were tested: the presence of (1) lipids and (2) collagen matrix in the porous compartment of cortical bone restricts its permeability. Our approach was to measure the radial permeability of adult canine cortical bone before and after extracting lipids with acetone-methanol, and before and after digesting collagen with bacterial collagenase. Our results showed that the permeability of adult canine cortical bone was below 4.0 9 10 À17 m 2 , a value consistent with prior knowledge. After extracting lipids, permeability increased to a median value of 8.6 9 10 À16 m 2 . After further digesting with collagenase, permeability increased to a median value of 1.4 9 10 À14 m 2 . We conclude that the presence of both lipids and collagen matrix within the porous compartment of cortical bone restricts its radial permeability. These novel findings suggest that the chemical composition of the tissue matrix within the porous compartment of cortical bone influences the transport and exchange of nutrients and waste products, and possibly influences the metabolic functions of osteocytes and osteoblasts.
INTRODUCTION
Adult cortical bone tissue is a biocomposite material which is composed of 67% mineral salts and 33% organic matrix containing 62% type I collagen, 26% minor collagens and non-collagenous proteins, 6% lipids and 6% complex carbohydrates by dry weight. 9, 19 It is separated into two generalized compartments based on fluid accessibility: a non-porous compartment and a porous compartment comprising 90-95% and 5-10% of its volume, respectively. 17, 18, 31 This porous compartment contains vascular channels (Haversian and Volkmann's canals) interconnected by a lacuna-canalicular system filled with osteocytes, their filipodial extensions and a surrounding pericellular matrix. 4, 7, 28, 31 Biological fluids flow within this porous compartment of cortical bone thereby providing a system to exchange nutrients and metabolic waste products.
Fluids are thought to flow through cortical bone as a result of mechanical deformation of bone tissue and/or by pressure gradients generated by vascular tissues inside cortical bone. 3, 5, 10, 12, 29 Fluid-flow in the lacuna-canalicular system of cortical bone is considered important to maintain osteocyte viability. Moreover the shear stresses generated from this fluid flow activate osteocytes which transduce this physical stimulus into biochemical signals that regulate extracellular matrix secretion in bone tissue. 6, 13, 14 Radial movements of water, nutrients and waste products in cortical bone is considered important given that the majority of vascular beds are located within the medullary cavity of bone adjacent to the endosteum, within the apical, non-osseous layers of the periosteum, and within Haversian and Volkmann's canals. Ultimately, fluids must flow from these vascular sources to adjacent areas of cortical bone in a radial direction, thus providing a rationale for studying the radial hydraulic permeability of cortical bone.
Hydraulic permeability is defined as the ease with which a fluid passes through a porous material and can be determined from Darcy's Law. 21, 22 To date, only a few studies have experimentally measured the hydraulic permeability of cortical bone in part because of the engineering challenges in measuring very low permeabilities. Such devices require high pressure tolerances in both the bone tissue holding chamber and other upstream components in order to accurately measure the permeability of cortical bone. Johnson et al. 12 determined that the radial permeability of bone containing large pores was 2.5 9 10 À14 m 2 . Li et al. 16 measured the permeability of adult canine versus puppy cortical bone devoid of large pores. They reported the radial permeability of adult canine tibial cortex was 5 9 10 À17 m 2 and that the radial permeability of puppy bone was 6-fold higher than that of adult canines. In addition, they reported that the periosteal portion of cortical bone was relatively impermeable as compared to the endosteal portion of cortical bone since 0.5-1.0 mm of bone needed to be removed from the periosteal surface in order to make accurate measurements. Beno et al. 1 calculated the permeability within cortical bone based on finite elemental analysis using microstructural measurements of the lacuna-canalicular system. They predicted that the permeability of cortical bone strictly at the lacunacanalicular level was in the range of 10 À18 -10 À20 m 2 . Fluid flow through tissue matrices is influenced by a tissue's chemical composition (i.e., hydrophilicity versus hydrophobicity) and the orientation, packing density and extent of cross-linking of its matrix molecules. 26 Densely packed collagen fibers have been identified in the pericellular matrix of Haversian and Volkmann's canals 4, 7 and within osteocyte lacunae. 7, 28 Various lipids have been detected in both the porous and non-porous compartments of cortical bone. 9, 11, 15, 19, 30 While prior studies have provided accurate assessments of the radial permeability of adult cortical bone, there have not been any prior reports addressing what contributions its chemical compositions have on the hydraulic permeability within the porous compartment of cortical bone. For example, prostaglandins, steroids such as estrogen, and 1,25-dihydroxy-vitamin D3 are potent osteogenic agents that are derived from lipid substrates. Their amphipathic chemistry and small size should permit them to freely distribute both within the hydrophilic fluid phase of bone and distribute within hydrophobic phases in bone. Thus, a better understanding of the factors that regulate fluid flow inside bone tissue may in turn provide a better assessment of osteocyte physiology and inform in vitro bone tissue engineering approaches on the design of new bone scaffolds that better mimic in vivo fluid flow properties. 10, 21 Accordingly, the current study investigated the influence of resident lipids and pericellular collagen matrix on the radial hydraulic permeability of the porous compartments in cortical bone. To these ends, we designed a device to assess radial hydraulic permeability of cortical bone enabling repeated measures on the same bone wafers before and after sequential chemical or enzymatic treatments. We hypothesized that (1) the presence of hydrophobic molecules within the porous compartment of cortical bone would reduce its permeability, and that removal of such hydrophobic materials would increase its permeability; and (2) the presence of a collagen-containing pericellular matrix within the porous compartment of cortical bone would reduce its permeability, and that digestion of this collagenous matrix would increase its overall permeability.
MATERIAL AND METHODS
All bone tissues were obtained from animals that had been sacrificed in the course of IACUC approved research investigations conducted elsewhere at this institution. Mid-diaphyseal portions of tibia were harvested from outbred adult canines (~25-30 kg body weight). Periosteal tissue layers, including most of the basal cambium cell layer, were stripped off the bone by dissection. Bone marrow was flushed out of the bone with phosphate buffer saline (PBS) (Cellgro). These tibial diaphyses were then stored in PBS with 0.05% sodium azide (Sigma) at 4°C and used within a 2-week period from collection (referred to as ''unprocessed''). To assure that changes did not occur during storage, some bone samples were used immediately as fresh samples for hydraulic permeability assessments.
Thin sections were cut from tibial diaphyses in a cross-sectional plane and stained with basic fuchsin to reveal Haversian and Volkmann's canals. Such histological analysis indicated that the presence and orientation of Haversian and Volkmann's canals were different in the periosteal versus the endosteal halves of canine cortical bone (Fig. 1a) . In the endosteal half more of the Volkmann's canals appeared to traverse radially throughout this half of the cortex. Thus, in agreement with assessments by Li et al., 16 the endosteal halves were considered to be more appropriate for radial hydraulic permeability measurements than their corresponding periosteal halves.
Based on the above histological findings, this study focused on measuring radial hydraulic permeability of bone wafers from the endosteal halves of these adult canine tibial diaphyses. Bone wafers with approximate dimensions of 15 mm length, 15 mm width, and 1.5 mm thick were cut from the diaphyseal portions of tibial cortices with an EXTEC Ò Labcut 1010 Low Speed Diamond Saw (EXTEC Corp). Endosteal bone wafers from the medial and lateral aspects of the diaphyseal cortex (over the entire superior to inferior axis, see shaded regions in Fig. 1b) were separately collected and stored in PBS with 0.05% sodium azide in pre-weighed glass bottles. A total of 27 bone wafers were collected from 2 different dogs: 13 from one and 14 from the other.
Porosity of fresh bone wafers was measured as follows. Micro-computed tomography (micro-CT) volumes of bone samples were acquired using a SkyScan 1172 (3 lm voxel resolution) ex vivo imaging system. Porosity analysis was performed using Matlab R2008a (MathWorks), Image Pro-Plus v6.1 (Media Cybernetics), VolSuite (Ohio Supercomputer Center, Columbus, OH), and MicroView v2.2 (GE Healthcare). Briefly, volumes (~1800 9 1000 9 1000 voxels) were rotated and cropped using VolSuite, and imported into Image-Pro as individual image stacks. In each plane of a particular stack, a median filter was applied to remove noise, holes were filled using a morphological ''closing'' filter, and bone outgrowths from the endosteal surface were removed using a watershed filter. The resulting contiguous, ''filled'' bone volumes were then multiplied by an inverted and thresholded version of their corresponding original volume to reveal porous content that was further filtered in Matlab to remove pores below a given volumetric threshold (connected components algorithm). Subsequently, total pore volume was calculated and porous volumes in both the axial and radial directions were generated (a pore was defined as radially localized if its elliptical orientation was À25 to 155°from vertical in the xy plane with permeability measured along the x-direction). The total porosity of cortical bone was calculated as the total pore volume divided by the total cortical bone volume, the axial porosity was calculated as the axial porous volume divided by total cortical bone volume, and the radial porosity was calculated as the radial porous volume divided by total cortical bone volume. Segmented pore volumes were then imported into MicroView for anisotropy analysis that utilized a mean intercept length approach in which intersections of a test grid composed of lines separated by 3 pixels were passed through each volume at 200 different angles to generate a fabric ellipsoid whose long axis was aligned in the direction of the most prominent structural orientation. Lastly, Euler's number for both the axial and radial components of the segmented porous content of each sample was calculated and divided by total bone (''filled'') volume to determine connectivity density (mm À3 ). The permeability of each fresh bone wafer was measured three independent times in an endosteal to periosteal direction (i.e., radially) using a customized device (Fig. 1c) . A threaded bone holder device was modified from Standard-Wall (Schedule 40) White PVC Pipe Fitting (1/2'' Pipe Size, Female Union). Device construction was completed in the Prototype and Polymer Labs in the Department of Biomedical Engineering at the Cleveland Clinic. Bone wafers were placed into a split silicon mold having a centered 5-mm diameter hole, and the entire device was sealed together with a locking ring to withstand against a leak pressure of 1034 kPa (150 psi). PBS solution was then pumped through a 5-mm area of the bone wafers using a 4 MPa limit pump (Pump-P 500, Pharmacia Biotech), at four steady-state flow rates (v): 10, 20, 30, and 40 mL/h. A maximum backpressure limit of 689 kPa (100 psi) was used for each specimen test in order to avoid device leakage and prevent system failure. To validate that fluid did not flow around the sides of a specimen, a solid stainless steel plate of similar dimensions to the bone wafers was placed into the device and used to block fluid flow. Up to a backpressure of 689 kPa (100 psi), visual inspection showed no fluid leakage.
Fresh and unprocessed bone wafers did not permit fluid flow up to the backpressure limit. Fluid flow through processed bone specimens was monitored to assure steady state flow rates. For each flow rate the pressure difference (Dp) between the upstream fluid and the downstream fluid (atmosphere) was measured with a pressure gauge (Ashcroft Cat # 25D1005PS 02L 100; 100 psi pressure limit). The thickness (L) of each bone wafer was measured with digital calipers (TRESNA, 111-102B; 0.1 mm accuracy) at three different sites along the bone wafer surface. Permeability (P) was then calculated based on Darcy's Law (Eq. 1):
where l is the viscosity of the PBS solution (1 cp = 0.001 kg/(m s)) and A is the circular surface area of the bone wafer (5 mm diameter) through which the solution flowed. Device accuracy was verified using a 316L porous stainless steel filter discs (nominal pore size of 0.5 lm) obtained from Mott Corporation (Farmington, CT) having a reported air permeability of 1.02 9 10 À14 m 2 . Using our device, we determined that three repeated measures taken from the same filter disc were within ±2-3% of each other. In addition, we determined that permeability values for three different filter discs were within ±3-4% of each other.
After permeability assessments of fresh or unprocessed samples were attempted, bone wafers were treated with 10 mL of a 1:1 (v/v) acetone-methanol (AM) (Sigma) solution at 4°C for 3 days in pre-weighed glass bottles. As an independent assessment for the removal of hydrophobic molecules, some bone wafers were treated instead with 2% w/v 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) in PBS at 4°C for 7 days. CHAPS was used because it is a non-denaturing zwitterionic detergent that is highly soluble in physiological fluids, 23 and should not denature the pericellular matrix as much as AM treatment. The volume ratio of AM or CHAPS solution to sample volume was estimated to be a 30-fold volume excess. After treatment the bone wafers were put into new bottles and washed with 10 mL PBS solution three times for 2 h each time. Permeability of each AM or CHAPS treated bone wafer was measured three times independently (Supplementary Table I ).
Proof that the AM treatments of the bone wafers extracted lipids was sought as follows. The AM solutions in their respective sample bottles were placed under a nitrogen stream to evaporate the organic solvents and obtain dried waxy residues. After evaporation, the sample bottles were weighed again and the dry weight of the residues was obtained by taking the difference between the tare weight of each bottle and the weight after AM evaporation. Dry residues were analyzed for phospholipid, free fatty acid and triacylgycerol contents by gas chromatography-mass spectroscopy performed at the Kansas Lipidomics Research Center (Manhattan, KS). Cholesterol was measured spectrophotometrically as previously published. 20 After measuring permeability of AM-or CHAPStreated specimens, each bone wafer was then treated with 5 mL of a 100 U/mL bacterial collagenase (type XI, Sigma C-9407) solution in PBS supplemented with 10 lM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) (Sigma) overnight at 37°C (Supplementary Table II) . AEBSF was added to inhibit any serine protease activities potentially contaminating the collagenase preparations. Following collagenase digestion, all bone wafers were washed with 10 mL PBS solution three times for 1 h each time. Permeability of each collagenase-treated bone wafer was measured three times independently.
Proof of collagenase activity was sought by measuring the amounts of hydroxyl-proline released from the bone wafers into the collagenase solution. Briefly, a 0.5 mL aliquot from each collagenase digestion reaction was placed into Reacti-Vials (Pierce) and frozen overnight at À20°C. The frozen solutions were vacuum dried in a Speed Vac SC110 Concentrator (Savant) for 2 h. The dried residues were resuspended in 0.3 mL 6 N hydrochloric acid (HCl; Constant boiling purity for amino acid analysis, Pierce). These vials were placed into a Reacti-Therm III heating module (Pierce) and heated at 105°C for 16 h to quantitatively release free amino acids. After acid hydrolysis, a nitrogen gas stream was used to remove the HCl from each sample at 37°C. Each sample was then rehydrated in 0.5 mL of Milli-Q water (Millipore), and their hydroxyl-proline contents were measured by a spectrophotometric method.
2,24
After measuring the permeability of collagenasetreated bone wafers, they were then treated with 5 mL of a 1.2 U/mL Dispase (Sigma) solution overnight at 37°C. Following dispase digestion, all bone wafers were washed with 10 mL PBS solution three times for 1 h each time. Permeability of each dispase-treated bone wafer was measured three times independently. Proof of dispase activity was sought by measuring the amounts of hydroxyl-proline released from the bone wafers into the dispase solution in a manner similar to that described above for the collagenase solution.
Removal of glycoproteins, proteoglycans and hyaluronan from bone wafers resulting from either collagenase or dispase digestion was monitored by amino sugar (glucosamine and galactosamine) and amino acid compositional analysis. Portions of each digestion solution were submitted to 2 N HCl hydrolysis at 105°C for 4 h (amino sugar) or 6 N HCl hydrolysis at 105°C for 16 h (amino acid). After each hydrolysis, a nitrogen gas stream was used to dry each sample at 37°C. Each sample was then rehydrated in Milli-Q water. The amount of amino acid and amino sugar was analyzed on a Beckman System Gold HPLC Amino Acid Analyzer by the Molecular Biology Proteomics Facility at the University of Oklahoma Health Sciences Center. Amino acids and amino sugars were detected by on-line post column reaction with ninhydrin. Derivatized amino acids were quantified by their absorption at 570 nm wavelength, except for glutamic acid and proline, which were detected at 440 nm wavelength. A standard containing calibrated amounts of all amino acids was run daily prior to establishing response factors (peak area/nanomole) for each amino acid for each program. Similarly, glucosamine and galactosamine standards were run prior to samples for which quantification of these amino sugars was desired.
After measuring the permeability of dispase-treated specimens, bone wafers were then treated with 20 mL of a 400 mM EDTA (pH 8) (Sigma) solution at 4°C until all of the mineral content was removed (~2-3 weeks). Confirmation of a complete removal of the mineral content of each specimen was obtained by X-ray imaging using micro-CT at an isotropic voxel resolution of 26 lm. Following EDTA decalcification, all specimens were washed with 10 mL PBS solution three times, 30 min each time. Permeability of each EDTA-treated bone wafer was measured three times independently. The remaining insoluble tissue matrix was hydrolyzed with 6 N HCl and the total amount of hydroxyl-proline in the remaining tissue matrix after EDTA treatment was measured by a spectrophotometric method as described above, and served as a measure of total insoluble collagen in each sample.
Analysis of the variance (ANOVA) techniques with post-hoc multiple comparison tests were used for statistical analysis (SigmaStat software v3.5). Treatment data was found to be non-parametric, thus repeated measures ANOVA on Ranks and Tukey post hoc multiple comparison tests were run. Given the nonparametric nature of the data populations, quantitative comparisons are reported as the median value in each treatment group. Differences were considered statistically significant if the corresponding ANOVA p-value was less than 0.05.
RESULTS
The structural properties of cortical bone wafers cut from adult canine tibial diaphyses (1.5-mm nominal thickness) were assessed after removing bone marrow and periosteum soft tissues. Micro-CT imaging (Fig. 2a, 3 lm resolution) showed that several pores on both sides of the cortical bone wafers were interconnected across the wafer thickness both radially and axially (Figs. 2b and 2c, respectively) . Our calculations showed that the total porosity of adult canine bone wafers was 2.95 ± 0.91%, the radial porosity was 0.60 ± 0.17%, and axial porosity was 2.36 ± 0.71% (Fig. 2d) . Connectivity density calculations revealed a value for radial connectivity of 175 ± 87 mm À3 and axial connectivity of 438 ± 204 mm À3 (Fig. 2e) . Over the entire range of flow rates tested, and without fluid leakage around the manifold, no fluid flowed through fresh or unprocessed bone wafers (1.5-mm thick) up to a tested backpressure of 689 kPa (100 psi). Thus, hydraulic permeability assessments of both fresh and unprocessed cortical bone wafers of 1.5-mm thickness were at or below the detection limit of our system (4.0 9 10 À17 m 2 ). This detection limit is close to the radial hydraulic permeability value previously published for canine tibia by Li et al., 16 5.0 9 10 À17 m 2 , and represents an upper limit value for fresh or unprocessed cortical bone.
Cortical bone wafers were submitted to radial hydraulic permeability assessments after sequential treatments to remove lipids (acetone-methanol, AM), digest fibrillar collagen (collagenase), and remove mineral salts (EDTA). All hydraulic permeability assessments after such treatments yielded nonparametric profiles suggesting a high level of heterogeneity and anisotropy in this population of bone wafers (Fig. 3) . It should be noted that all bone wafers showed increased permeability values after subsequent collagenase digestion and EDTA treatment, though individually they exhibited different extents of elevation.
After AM treatment (or CHAPS treatment; Supplementary Table I ), the 1.5-mm bone wafers yielded a median permeability value of 8.6 9 10 À16 m 2 (Fig. 4) . Further the lipids removed from these cortical bone wafers were identified as free fatty acids, phospholipids, triacylglycerols and cholesterol (Fig. 5) . In total, these four types of lipids comprised~76% of the residue's dry weight and accounted for~9 mg/g wet weight of cortical bone. Triacylglycerols comprised the largest class of lipids (60%), followed by cholesterol (11%), free fatty acids (4%) and phospholipids (1%). The differences in the median permeability values of the unprocessed wafers, which was set at the upper detection limit value of 4 9 10 À17 m 2 , and bone wafers post AM treatment were found to be statistically different indicating that the removal of lipids elevated cortical bone permeability by at least 21-fold.
After AM treatment, cortical bone wafers were then digested with high purity bacterial collagenase.
Permeability of these digested specimens increased to a median value of 1.4 9 10 À14 m 2 , which is a 16-fold enhancement over that from AM treatment (Fig. 4) . To confirm digestion of collagen from these bone wafers, the amounts of hydroxyl-proline released into the collagenase digestion solution (Fig. 6 , CS) were found to be 63 ± 37 lg hydroxyl-proline/g wet bone.
The presence of amino acids in sample digests was used as a measure of released total protein, while the presence of amino sugars was used as a measure of released complex carbohydrates (i.e., glycoproteins, proteoglycans and hyaluronan). Collagenase digestion released relatively small amounts of amino acids (4.2 lmol per g wet bone, Table 1 ) and amino sugars (0.3 lmol per g wet bone, Table 2 ). The amino acid composition of the collagenase digested material appeared to be similar to that of the type I collagen standard used in these analyses (Table 1) . Altogether these analytical data suggest that the collagenase digestion conditions used in this study released a relatively small amount of collagen-like material from the pericellular matrix in the porous compartment of cortical bone. Overall the differences in the median permeability values of the unprocessed and AM treated bone wafers were found to be statistically lower than those after collagenase FIGURE 3. Radial hydraulic permeability measurements of cortical bone wafers after sequential treatments with acetonemethanol, bacterial collagenase, and EDTA. A total of 27 bone wafers were analyzed for radial hydraulic permeability using 3 independent measurements for each processing step. Raw data are presented in a histogram format (27 bins) and depict the non-parametric nature of the radial hydraulic permeability values for this population of bone wafers. digestion indicating that the presence of a collagen matrix within the porous compartment of cortical bone also restricts its permeability.
Subsequent treatment of bone wafers after collagenase digestion with a non-specific serine protease (Dispase, Gibco) did not significantly elevate radial hydraulic permeability values beyond those for collagenase digestion (a median value of 1.6 9 10 À14 m 2 ). Dispase digestion did release an additional 90 ± 110 lg hydroxyl-proline/g wet bone (Fig. 6, DS) , 8.8 lmol per g wet bone of amino acids (Table 1) , and 1.6 lmol per g wet bone of amino sugars ( Table 2) . The amino acid composition of the dispase digested material was completely different from that of the type I collagen standard used in these analyses (Table 1) suggesting the release of a more complex array of glycoproteins than that released by collagenase.
Altogether, these data indicate that a subsequent digestion with dispase released more hydroxyl-proline, more total amino acids and amino sugars than a prior digestion with collagenase, while not further elevating hydraulic permeability.
All of the above mentioned treatments would have access to the cells and pericellular matrix incorporated only within the porous compartment of cortical bone. The non-porous compartment of cortical bone can only be accessed by removing its calcium mineral salts. After EDTA decalcification, the permeability of the bone wafers was increased to a median value of 6.5 9 10 À14 m 2 , which is a 5-fold elevation over that from collagenase treatment (Fig. 4) . Decalcified bone wafers contained 3100 ± 1800 lg hydroxyl-proline/g wet bone (Fig. 6, bone), 1.1 9 10 6 lmol per g wet bone of amino acids (Table 1) , and 2.0 9 10 6 lmol per g wet bone of amino sugars ( Table 2 ). The amino acid composition of this insoluble bone matrix material was identical to that of the type I collagen standard used in these analyses (Table 1) . Using the values of hydroxylproline recovered from the collagenase and dispase treatments (i.e., porous compartment) and EDTA treatment (i.e., non-porous compartment), the relative proportion of the porous to non-porous collagen content calculates to be 4.9% (= [63 + 90]/3100 9 100%). This relative proportion of hydroxyl-proline contents is close to the average porosity value (~3%) calculated in Fig. 2 . FIGURE 6. Amounts of hydroxyl-proline released from cortical bone wafers by collagenase or dispase digestions. CS represents the amount of hydroxyl-proline released into solution from the porous compartment of bone wafers by bacterial collagenase digestion. DS represents the amount of hydroxyl-proline released into solution from the porous compartment of bone wafers by dispase digestion. Bone represents the amount of hydroxyl-proline in the insoluble collagenous matrix within the non-porous compartment after complete decalcification of bone wafers using EDTA.
DISCUSSION
Removing hydrophobic molecules such as lipids from the porous compartment of cortical bone increased its radial hydraulic permeability. This indicates that the presence of hydrophobic molecules in the porous compartment of cortical bone reduces its permeability and suggests that their presence is a factor influencing fluid flow in cortical bone. In addition, collagenase removal and/or loosening of the collagen pericellular matrix within the porous compartment of cortical bone increased its permeability. This indicates that the orientation and/or packing density of the collagen matrix in the porous compartment of cortical bone restricts fluid flow and represents another factor that influences its overall permeability. The baseline AA content contribution from the collagenase enzyme was accounted for and subtracted from analyzed collagenase digest samples. The baseline AA content contribution from the dispase enzyme was accounted for and subtracted out from analyzed dispase digest samples. The combined wet weight of the analyzed bone wafers (n = 3) was 8.4 g. The baseline AS content contribution from the collagenase enzyme was accounted for and subtracted from the analyzed collagenase digest samples.
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The baseline AS content contribution from the dispase enzyme was accounted for and subtracted out from the analyzed dispase digest samples.
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The combined wet weight of the analyzed bone wafers (n = 3) was 8.4 g.
A majority of the extracted hydrophobic content from bone was accounted for by triacylglycerols (60%), cholesterol (11%), free fatty acids (4%) and phospholipids (1%). These findings are consistent with previous studies reporting high levels of triacylglycerols and low levels of phospholipids , within the lipid contents of human 9 or ox 15 cortical bone. This chemical composition suggests that osteocyte cell membranes and any vesicles that bleb off from these membranes are not likely to be a major source of lipids located in the porous compartment of bone since both have a high content of phospholipids. 25, 30 Instead, triacylglycerols comprise the major source of lipids in this bone compartment, and raises an intriguing hypothesis for the source of this hydrophobic material. Triacylglycerols are produced inside most vertebrate cells, including those in the osteogenic lineage, and stored within lipid droplets. 11, 25, 30 Takahashi et al. 25 have also shown that osteogenic cells can secrete lipid droplets into their extracellular matrix. Thus, the source of these triacylglycerols extracted from fresh cortical bone might originate from its resident bone cell populations: osteoblasts lining Haversian and Volkmann's canals and osteocytes embedded within the lacuna-canalicular system. Bone-derived triacylglycerols contain two oleate and one palmitate fatty acyl chains 9 and would present as thick oils or pastes at body temperature. Within the lacuna-canalicular system, this characteristic may imply that these lipids can act as a viscous lubricant to insulate the cell bodies (in lacunae) and fillipodial extensions (in canaliculi) from the mineral crystalline walls. Prior studies have shown that some of these bone-derived lipids exist within the pericellular matrix of osteoblasts and osteocytes 11, 25 and our preliminary microscopy results from Nile Red staining of lipids in cortical bone sections are consistent with this prior knowledge (unpublished data). Given their hydrophobic properties, the presence of lipids in the pericellular matrix of the porous compartment of cortical bone should impede water penetration and contribute to a restriction in its hydraulic permeability.
Densely packed collagen fibers exist in the pericellular matrix of Haversian and Volkmann's canals 4, 7 and surround osteocytes in their lacunae. 7, 28 The orientation, packing density and extent of cross-linking of collagen matrices isolated from bone has been reported to fully exclude the diffusion of molecules ‡40 kDa size and partially restrict the diffusion of molecules of 10-15 kDa size. 26 While water can freely diffuse into this collagen matrix, the high concentration of oriented collagen fibers presents a back pressure barrier that slows the rate of fluid movement in this matrix. Thus, densely packed collagen fibers, together with the presence of lipids, form a pericellular matrix that acts as a hydraulic barrier to further compartmentalize fluid flow in the smaller sized lacuna-canalicular system from the larger sized Havesian and Volkmann's canals. In effect, this hydraulic compartmentalization of the lacuna-canalicular system should emphasize Haversian and Volkmann's canals as the primary conduits of fluid movement in bone ensuring a more efficient transport of hydrophilic nutrients and survival factors over large distances in long bones.
Conventional cell biology axioms dictate that nutrient and metabolic waste product exchange rates are crucial for cell viability and functionality. Yet our findings suggest that such transport phenomena at the lacuna-canalicular level may be severely challenged by low radial hydraulic permeability. Such restrictions certainly emphasize the critical need for mechanical loading as a convection transport mechanism to promote an exchange of nutrients and waste products in cortical bone tissue. 8, 12, 14, 27 Interestingly, the presence of lipids within the pericellular matrix of the lacunacanalicular system may provide another possible transport process. Lipid-derived, small molecular weight molecules such as prostaglandins, steroids and 1,25-dihydroxy-vitamin D3 can distribute into both hydrophilic and hydrophobic media as a result of their amphipathic chemistry. Perhaps these potent osteogenic molecules can be transported radially within the porous compartment of cortical bone via convection of both aqueous and lipid phases induced by mechanical loading of bone.
Altogether, our findings and the above mentioned discussion leads to the following hypothetical model of transport in cortical bone. In the absence of mechanical loading, small amphipathic molecules would preferentially transport through the lacuna-canalicular system and get to individual osteocytes in a radial direction because of the hydrophobic chemistry of its pericellular matrix and its extremely low hydrophilic fluid permeability. In effect, this may limit the delivery of small molecular weight hydrophilic molecules such as glucose and oxygen to osteocytes, but still allow for some diffusion of prostaglandins, steroids, or 1,25-dihydroxy-vitamin D3 to these same osteocytes. Simultaneously, in the absence of loading, the hydrophobic chemistry and densely packed collagen matrix within the lacuna-canalicular system should restrict access of larger, hydrophilic molecules to movements mostly within the Haversian and Volkmann's canals. In the presence of mechanical loading, hydrophilic fluid (and constituent molecules) would now be pushed through the lacuna-canalicular system, as well as pushed faster through the Haversian-Volkmann's network, via convection forces. These convection forces would increase the transport rate of hydrophilic molecules (glucose) along with hydrophobic molecules (prostaglandins) to osteocytes within the lacuna-canalicular system. Ultimately, if this hypothetical transport model is valid, then the concentration gradients of even small molecular weight molecules within the lacunacanalicular system will differ based on their hydrophobic/hydrophilic chemistries. Such differences in concentration gradients of small molecular weight molecules in the absence of mechanical loading may impact on bone health. Further investigation of the hydraulic permeability of cortical bone from healthy and diseased bone may help to elucidate its importance to osteophysiology.
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